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Based on experiments, a trawling-induced erosion dynamics was included in a 3D realistic and prevalidated hydro-sedimentary model so as to assess its contribution to the overall regional sediment dynamics in the specific case of the Bay of Biscay continental shelf. The effect of trawling was investigated throughout a 5-year period in terms of horizontal/vertical fluxes and changes in seabed mud content, and compared to the natural variability of sediment fluxes at different spatio-temporal scales. Trawling is shown in the model to significantly contribute to sediment re-suspension, and changes in the seabed at the scale of the shelf. The contribution of trawling to re-suspension is more than 80% during the high fishing season at many locations on the outer shelf and over the Grande-Vasière area (a large and intensively trawled muddy zone located in the middle of the shelf). The contribution of trawling is significantly weaker in winter and at annual scale, particularly over zones with (muddy-)sand facies (between 1‰ and 1%), but remains high, and reaches 20% of the annual

Introduction

The assessment of regional sediment fluxes over continental shelves worldwide is a poorly known but crucial topic linked to many environmental questions like the way of monitoring benthic habitats or managing sediment resources. Bottom trawling probably constitutes the main anthropogenic forcing on continental slopes and shelves worldwide [START_REF] Watling | Disturbance of the seabed by mobile fishing gear: a comparison to forest clearcutting[END_REF][START_REF] Puig | Ploughing the deep sea floor[END_REF]Oberle et al., 2015a). Their direct or indirect impacts on the marine environment were highlighted by many studies (e.g. in reviews from [START_REF] Jones | Environmental impact of trawling on the seabed: a review[END_REF][START_REF] Linnane | A review of potential techniques to reduce the environmental impact of demersal trawls[END_REF][START_REF] Kaiser | Modification of marine habitats by trawling activities: prognosis and solutions[END_REF][START_REF] Martín | Commercial bottom trawling as a driver of sediment dynamics and deep seascape evolution in the Anthropocene[END_REF][START_REF] Oberle | Fishing Activities[END_REF]. In addition to acknowledged effects on benthic ecosystems (alteration, mortality; e.g. [START_REF] Hall | The effects of fishing on marine ecosystems and communities[END_REF][START_REF] Kaiser | Modification of marine habitats by trawling activities: prognosis and solutions[END_REF], trawling was identified as a significant physical forcing acting on sediment dynamics, both in water column and on the seabed. Among these physical effects, fine sediment re-suspension can be mentioned: it is due to the scraping action of the trawl dragged on the seabed (e.g. Durrieu de [START_REF] Durrieu De Madron | Trawling-induced resuspension and dispersal of muddy sediments and dissolved elements in the Gulf of Lion (NW Mediterranean)[END_REF][START_REF] Dellapenna | The impact of shrimp trawling and associated sediment resuspension in mud dominated, shallow estuaries[END_REF]. Re-suspended sediments are likely to be advected by currents away from the erosion source, resulting in significant potential offshore exports or on-shore imports: for instance off-shelf exports were highlighted by [START_REF] Ferré | Impact of natural (waves and currents) and anthropogenic (trawl) resuspension on the export of particulate matter to the open ocean: Application to the Gulf of Lion (NW Mediterranean)[END_REF] in the Gulf of Lions, or recently by Oberle et al. (2015a) in the Iberian shelf. Trawling is also responsible for seabed changes. They can concern sediment lithology and composition, for instance through a fine fraction winnowing within surficial sediment [START_REF] Palanques | Impact of bottom trawling on water turbidity and muddy sediment of an unfished continental shelf[END_REF][START_REF] Palanques | Effects of bottom trawling on the Ebro continental shelf sedimentary system (NW Mediterranean)[END_REF][START_REF] Brown | Effects of commercial otter trawling on the physical environment of the southeastern Bering Sea[END_REF][START_REF] Simpson | An investigation of the cumulative impacts of shrimp trawling on mudbottom fishing grounds in the Gulf of Maine: effects on habitat and macrofaunal community structure[END_REF][START_REF] Oberle | Deciphering the lithological consequences of bottom trawling to sedimentary habitats on the shelf[END_REF]. Impacts on micro-topography are abundantly noticed in literature with typical tracks let on the seabed, whose remanence becomes higher in low energetic environments with muddy seabed [START_REF] Linnane | A review of potential techniques to reduce the environmental impact of demersal trawls[END_REF][START_REF] Palanques | Impact of bottom trawling on water turbidity and muddy sediment of an unfished continental shelf[END_REF][START_REF] Gilkinson | Processes of physical change to the seabed and bivalve recruitment over a 10-year period following experimental hydraulic clam dredging on Banquereau, Scotian Shelf[END_REF]. Lastly, many studies from literature underlined consequences on exchanges at the water/sediment interface and especially on nutrients fluxes, on sediment biogeochemistry (e.g. [START_REF] Pilskaln | Resuspension of sediment by bottom trawling in the Gulf of Maine and potential geochemical consequences[END_REF][START_REF] Brown | Effects of commercial otter trawling on the physical environment of the southeastern Bering Sea[END_REF][START_REF] Bradshaw | Bottom trawling resuspends sediment and releases bioavailable contaminants in a polluted fjord[END_REF], as well as impacts on benthic organisms and their habitats (e.g. [START_REF] Schwinghamer | Quantifying the impact of trawling on benthic habitat structure using high resolution acoustics and chaos theory[END_REF]. Recently, several studies (based on observations and modelling) were dedicated to the assessment of trawling effects on the sediment dynamics occurring in submarine canyons, along continental slopes [START_REF] Puig | Ploughing the deep sea floor[END_REF][START_REF] Payo-Payo | Numerical modeling of bottom trawling-induced sediment transport and accumulation in La Fonera submarine canyon, northwestern Mediterranean Sea[END_REF][START_REF] Daly | Bottom trawling at Whittard Canyon : Evidence for seabed modification, trawl plumes and food source heterogeneity[END_REF][START_REF] Paradis | Enhancement of sedimentation rates in the Foix Canyon after the renewal of trawling fleets in the early XXIst century[END_REF]. These studies underline how trawling influences the turbidity, sediment fluxes, seabed nature and topography, sedimentation rates and ecosystems in these environments.

This study focuses on the Bay of Biscay (hereinafter referred to as BoB) continental shelf, located in the north east Atlantic (Figure 1), where a few studies have already drawn attention to the fact that trawling activities are likely to significantly influence sediment dynamics over large areas. Trawlinginduced seabed alterations have been reported in literature including fine fraction winnowing, upper sediment mixing, and micro-topography disturbances [START_REF] Bourillet | La Grande Vasière" mid-shelf mud belt: Holocene sedimentary structure, natural and anthropogenic impacts[END_REF][START_REF] Dubrulle | Nature and rates of finesedimentation on a mid-shelf: "La Grande Vasière[END_REF][START_REF] Mengual | Influence of bottom trawling on sediment resuspension in the "Grande-Vasière" area (Bay of Biscay, France)[END_REF]. Impacts on benthic ecosystems were also investigated or noticed in several studies regarding diversity, size and structure of communities (e.g. [START_REF] Blanchard | Fishing effects on diversity, size and community structure of the benthic invertebrate and fish megafauna on the Bay of Biscay coast of France[END_REF][START_REF] Mérillet | Using underwater video to assess megabenthic community vulnerability to trawling in the Grande Vasière (Bay of Biscay)[END_REF][START_REF] Robert | Effets combinés des facteurs naturels et anthropiques sur les communautés d'invertébrés benthiques des vasières à langoustines (Nephrops norvegicus) du Golfe de Gascogne[END_REF]. In addition, trawling was mentioned as a significant source of re-suspension resulting in a near-bed turbidity increase [START_REF] Mengual | Influence of bottom trawling on sediment resuspension in the "Grande-Vasière" area (Bay of Biscay, France)[END_REF]. These authors showed that intense trawling activities were concentrated in a large muddy area in the middle of the shelf (the so-called "Grande-Vasière" area, hereinafter GV), especially between April and September (late spring/summer), the high fishing season. A significant decrease (~30%) in mud content over the last 50 years was observed in an intensively trawled zone of the northern GV, possibly linked to a longterm effect of trawling. From the evaluation of a site-specific erosion rate and the use of fishing effort data (VMS), they also pointed out that natural and anthropogenic erosion fluxes were subject to annual cycles approximately in opposition of phase, with the largest trawling-induced re-suspension occurring in late spring/summer (high fishing season), when natural re-suspension under the action of waves and currents was at its lowest. Focusing on the GV area, they highlighted a significant trawling contribution to re-suspension during the high season of fishing (10-30% on average, locally dominant). However, they showed that the annual mass of sediment eroded by bottom trawling only represented about 1% of the one re-suspended by winter storms. Despite this characterisation of trawling contributions to seasonal or annual re-suspension, some challenging questions remain: What is the fate of re-suspended sediments by trawling? What are the mean-and long-term effects of trawling on regional horizontal sediment fluxes? What is its weight on sediment budget at the shelf scale?

This study presents a 5-year simulation derived from a 3D realistic hydro-sedimentary numerical model which includes trawling-induced erosion dynamics, in addition to natural forcing. The model used and the period investigated are the same than for another simulation accounting for natural forcing only, thus authorising easy inter-comparisons between natural and anthropogenic sediment dynamics. The aim is to quantify trawling-induced sediment fluxes at different spatio-temporal scales (vertical and horizontal fluxes) and the resulting effects on regional sediment budgets and on seabed evolutions. The paper is structured as follows. Section 2 presents the model and the different methods of analysis. Sediment fluxes caused by trawling are presented in section 3, with an assessment of their relative contribution to the total sediment dynamics. In section 4, results relative to the weight of trawling in the overall sediment dynamics are discussed in light of previous findings from studies conducted on the BoB shelf or on other shelves in the world. Lastly, main conclusions from this work are summed up in a short conclusion in section 5.

Modelling procedure and strategy of analysis

The general model setup (including hydrodynamics, sediment dynamics and forcing) in the specific application of the BoB shelf is described in detail in [START_REF] Mengual | Spatio-temporal variability of sediment fluxes in the Bay of Biscay: relative contributions of climate forcings and trawling activities[END_REF] and in [START_REF] Mengual | Modelling Fine Sediment Dynamics: Towards a Common Erosion Law for Fine Sand, Mud and Mixtures[END_REF], which also include the model validation. Consequently, general aspects of the model are briefly reported in the two following sections. The method to simulate trawling-induced dynamics is presented in section 2.3.

Brief description of the hydrodynamic model

The three-dimensional hydrodynamic model (MARS3D; 3D hydrodynamic Model for Applications at Regional Scale, IFREMER) solves primitive equations under classical Boussinesq and hydrostatic pressure assumptions [START_REF] Lazure | An external-internal mode coupling for a 3D hydrodynamical model for applications at regional scale (MARS)[END_REF]. The model domain is illustrated in Figure 1 and the computational grid is characterised by a 2.5 km horizontal resolution and 40 generalized sigma layers along the vertical dimension. For water depths below 15 m, sigma levels are uniformly distributed through the water column. Beyond this depth, the resolution is increased in the lower and upper parts of the water column, following the formulation of [START_REF] Song | A semi-implicit ocean circulation model using a generalized topographyfollowing coordinate system[END_REF]. For instance, this setting attributes a thickness of 40 cm (resp. 55 cm) to the lowest computed cell when the total water depth is 25 m (resp. 100 m). Vertical viscosity and diffusivity are derived from the k-ε turbulence closure scheme of [START_REF] Rodi | Turbulence models and their application in hydraulics[END_REF]. This model reproduces a 3D representation of currents and hydrology over the domain, using realistic forcing in terms of tide (FES2004 solution; [START_REF] Lyard | Modelling the global ocean tides: modern insights from FES2004[END_REF], wind (ARPEGE model;[START_REF] Déqué | The ARPEGE/IFS atmosphere model: a contribution to the French community climate modelling[END_REF], river outflow (French freshwater office database), or initial and boundary hydrological conditions (GLORYS reanalysis; [START_REF] Ferry | Mercator global Eddy permitting ocean reanalysis GLORYS1V1: description and results[END_REF].

The wave-induced bottom shear stress (τw) is computed from a wave hindcast database built with the WaveWatchIII model (hereinafter referred to as WWIII), using the validated configuration from [START_REF] Boudière | A suitable metocean hindcast database for the design of Marine energy converters[END_REF]. The WWIII code is a phase-averaged wave model that resolves the random phase spectral action density balance equation for 24 directions and 32 frequencies in the present application, on an unstructured grid (horizontal resolution ranging from 10 km offshore to 200 m nearshore). τw is computed according to the formulation of [START_REF] Jonsson | Wave boundary layers and friction factors[END_REF], using the spectral expression of near bottom excursion and velocity provided by the WWIII code, and a wave-induced friction factor which depends on the ratio between the orbital excursion and the bed roughness, following [START_REF] Soulsby | Wave-current interaction within and outside the bottom boundary layer[END_REF]. Total bottom shear stress τ (in N.m -2 ) was computed from the waveinduced shear stress τw and from the current-induced shear stress (τc) provided by the hydrodynamic model (formulation of [START_REF] Soulsby | Dynamics of marine sands: a manual for practical applications[END_REF] in order to account for non-linear interactions between waves and currents. Both wave and current shear stresses are computed considering a skin roughness length z0 = 2×10 -5 m. This value corresponds to fine sand (D = 200 µm), representative of the most common sandy facies encountered in the Bay of Biscay shelf (z0 = ks/30 ~ 3D/30). In a few locations where the sediment facies becomes very coarse (gravel fraction exceeding 50%) or rocky, the roughness length is increased considering a representative diameter of 8 mm such as z0 = ks/30 ~ D/30 = 2.67×10 -4 m.

Figure 1 Geographic extension of the 3D model with its bathymetry (in metres with respect to mean sea level).

Black lines represent isobaths 40, 70, 100, and 130 m, white ones are deeper. The thick white line (corresponding to the 180 m isobath) approximately delimits the shelf edge. From north to south, thick contours delimit the "Grande-Vasière" area (GV) and the west and south Gironde mud fields (WGMF and SGMF, respectively). White star refers to "Le Croisic" station where the model validation was performed in [START_REF] Mengual | Modelling Fine Sediment Dynamics: Towards a Common Erosion Law for Fine Sand, Mud and Mixtures[END_REF]. White dots (P1, P2, P3 and P4) correspond to selected locations used in results description. (I) and (II) differentiate two geographic areas of the shelf, the Armorican and the Aquitaine shelves, respectively.

Sediment model

The bases of the sediment model are described in Le [START_REF] Hir | Dynamics of sand and mud mixtures: a multiprocess-based modelling strategy[END_REF], and its application to the BoB is detailed in [START_REF] Mengual | Modelling Fine Sediment Dynamics: Towards a Common Erosion Law for Fine Sand, Mud and Mixtures[END_REF]. The model simulates the sand and mud transport in suspension by solving advection/diffusion equations and changes in sediment composition within a multi-layered sediment compartment, accounting for water/sediment exchanges under the influence of hydrodynamic forcing (i.e. waves, currents). The state variables of the sediment model are the mass concentrations of each sediment class (Suspended Sediment Concentration in the water column; hereinafter referred to as SSC). In the present application, three classes representing the typical sediment sizes of the BoB are considered: a gravel (8 mm), a fine sand (200 µm, dominant on the shelf), and a mud class characterised by a variable settling velocity which accounts for flocculation.

Riverine sediments inputs are only composed of mud and are deduced from SSC/outflow relationships specific to each main river [START_REF] Castaing | Le transfert à l'océan des suspensions estuariennes: cas de la Gironde[END_REF][START_REF] Sottolichio | Modelling dynamics of highly-concentrated structures in the Gironde estuary[END_REF][START_REF] Coynel | Erosion mécanique des sols et transferts géochimiques dans le bassin Adour-Garonne[END_REF][START_REF] Tessier | Caractérisation et dynamique des turbidités en zone côtière: l'exemple de la région marine Bretagne Sud[END_REF]. Thus, it is assumed that continental sand inputs are negligible, at least at the time scale of simulations. Bedload and consolidation processes are ignored by assuming that surficial sediment in our study area remains weakly consolidated and is mainly composed of mixtures of mud and fine sand.

Seabed initialisation

The model was initialised from existing surficial sediment maps (e.g. [START_REF] Bouysse | Carte des sédiments superficiels du plateau continental du Golfe de Gascogne: partie septentrionale au 1/500.000[END_REF]; additional data from the SHOM, see section Acknowledgments), which provides the sediment facies distribution over the shelf. For each facies, a typical sediment class distribution is assumed, and a mass concentration is then attributed to each sediment class with a procedure detailed in [START_REF] Mengual | Modelling Fine Sediment Dynamics: Towards a Common Erosion Law for Fine Sand, Mud and Mixtures[END_REF] based on the relation between the bulk density, the sandy fraction, and the relative mud concentration (i.e. the concentration between sand grains, assumed to be constant at 550 kg.m -3 here).

The seabed compartment is initially discretized in a given number of layers of uniform composition (90 sediment layers of 0.33 mm thick, i.e. initial bed thickness of 0.03 m; see sensitivity analysis from [START_REF] Mengual | Spatio-temporal variability of sediment fluxes in the Bay of Biscay: relative contributions of climate forcings and trawling activities[END_REF]), which appear or disappear according to erosion/deposition events.

Managing sediment erosion and deposition

Whatever the sediment composition, the erosion flux E is expressed in a "Partheniades-Ariathurai" form and the sediment is assumed to be eroded as a mixture (Eq. 1).
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Such an erosion law, based on the formalism described in Le [START_REF] Hir | Dynamics of sand and mud mixtures: a multiprocess-based modelling strategy[END_REF] and whose expression and setting is detailed in [START_REF] Mengual | Modelling Fine Sediment Dynamics: Towards a Common Erosion Law for Fine Sand, Mud and Mixtures[END_REF], was fitted in the specific case of the BoB shelf by comparing modelled and observed SSC. Through the introduction of critical mud fractions and the modulation of erosion parameters (erodibility parameter E0 in kg.m -2 .s -1 , critical shear stress for erosion τe in N.m -2 , and n), this optimised erosion law authorises the distinction between 3 erosion regimes. Below 20% mud content, a pure sand erosion behaviour is prescribed (E0,sand =5.93×10 -3 , τe,sand = 0.15, nsand = 1.5) while above 70% of mud in the mixture, the sediment behaves as pure mud (E0,mud =10 -5 , τe,mud = 0.1, nmud = 1). It can be reminded that E0,mud and τe,mud were derived from erodimetry experiments conducted on muddy samples of BoB shelf. Between non-cohesive and cohesive regimes, erosion parameters are assumed to vary exponentially, based on a new formulation describing the erosion behaviour of transitional sediment mixtures.

The deposition flux Di for each sediment class i is computed according to Krone's law:
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where WS,i is the settling velocity (m.s -1 ), Cwat,i the concentration of the suspended sediment (g.l -1 ; at a reference height of 2 cm above bed, the same as the elevation where erosion is expressed), and τcd,i is the critical shear stress for deposition (N.m -2 ; set at a very high value to allow full deposition of settling particles). The settling velocity was computed according to the formulation of [START_REF] Soulsby | Dynamics of marine sands: a manual for practical applications[END_REF] for non-cohesive sediments, and from the formulation of Van [START_REF] Van Leussen | Estuarine macroflocs[END_REF] for mud M (Eq. 3), with a specific setting fitted from measurements [START_REF] Verney | Floc features in estuaries and coastal seas[END_REF] and previous modelling parameterisations [START_REF] Tessier | Modélisation des turbidités en Bretagne sud et validation par des mesures in situ[END_REF]. Such a formulation indirectly accounts for flocculation processes by considering an increase in the settling velocity with an increase in suspended mud concentration, and by accounting for turbulence effects (through the absolute velocity gradient G).

According to the strategy proposed by [START_REF] Tessier | Modélisation des turbidités en Bretagne sud et validation par des mesures in situ[END_REF] 

with k=0. 005,m=0.7,a=0.3,b=0.09,WS,min=0.1 mm.s -1 and WS,max=4 mm.s -1 .

The actual deposition on the bottom is then managed through a procedure in which fine sediments progressively fill the space between coarser particles until reaching typical volume concentrations. In addition, new layers can be created when the surficial layer thickness exceeds a user-defined one.

Setting the trawling-induced erosion dynamics

The trawling-induced erosion dynamics and flux ET (in kg.m -2 .s -1 ) follow the formulation of [START_REF] Mengual | Influence of bottom trawling on sediment resuspension in the "Grande-Vasière" area (Bay of Biscay, France)[END_REF] derived from experiments conducted over the GV area in the Bay of Biscay (please be referred to this study for further details on the method). The trawling-induced flux is expressed as:

. = .,/01 / × 3 (4)

where ET,local (in kg.m -2 ) is the trawling-induced erosion rate, representing the local sediment resuspension generated in a trawl wake, and FE (in s -1 ) are the fishing effort data. The erosion rate ET,local was estimated from door tracks left on the seabed by a typical trawler of the French fleet over two zones of the GV (geometric approach), characterised by different mud contents (15 and 25%)

representative of the variation range in the area. A similar erosion rate was obtained in both zones with a mean value of 0.13± 0.03 kg.m -2 . The fishing effort is based on VMS data (GPS-based Vessel

Monitoring System), synthesised as the sum of swept areas by trawls per month and per cell of 25 km 2 ; in the model, the fishing effort is expressed as a trawled fraction of seabed per second, and varies according to the location and period of the year. This fishing forcing is illustrated in Figure 2 

Model validation

Dealing with hydrodynamics and sediment dynamics under natural forcing, the model was firstly validated by [START_REF] Mengual | Modelling Fine Sediment Dynamics: Towards a Common Erosion Law for Fine Sand, Mud and Mixtures[END_REF]. Hydrodynamics (current velocity and direction, HS, TP), hydrological parameters (temperature, salinity) and SSC derived from the model were compared with measurements acquired with several instruments (AWAC acoustic Doppler profiler, turbidity/temperature/salinity sensors), all deployed near the coast at "Le Croisic" site (water depth of 23 m, see location in Figure 1) during two typical winter months. In addition to the clear agreement between simulated currents or waves and measured values, the comparison demonstrated the ability of the model to accurately reproduce SSC dynamics in the water column throughout the period.

Regarding trawling-induced sediment dynamics, a model validation is difficult to assess as the respective contributions to SSC due to natural forcing and trawling cannot be distinguished. In addition, literature on estimates of trawling-induced erosion rates is scarce due to difficulties encountered in experimental deployments. The relevance of our erosion rate estimates in comparison with the few ones available in literature (e.g. Durrieu de [START_REF] Durrieu De Madron | Trawling-induced resuspension and dispersal of muddy sediments and dissolved elements in the Gulf of Lion (NW Mediterranean)[END_REF] and their repeatability between the different zones investigated provide some confidence regarding the accuracy of our modelling procedure. These erosion rates are representative of trawling-induced re-suspension over a muddy sand facies which is typically encountered over most of trawled areas of the shelf. However, the seabed mud fraction is reported to be higher in some restricted trawled areas of the shelf, especially in the northern part of the GV, which should increase the penetration of trawls within the sediment and probably amplify the re-suspension rate. Our assumption of considering a constant trawling-induced erosion rate will be discussed in light of results derived from this study in section 4.1. Concerning the fishing effort distributions (VMS data) used to express this local erosion rate in terms of erosion flux (kg.m -2 .s -1 ), they can be considered as a good compromise between available data and sources of errors regarding the objectives and spatio-temporal scales required for the present study [START_REF] Mengual | Influence of bottom trawling on sediment resuspension in the "Grande-Vasière" area (Bay of Biscay, France)[END_REF].

Modelling strategy and post-processing

In order to compare trawled and un-trawled (natural background) conditions, a five-year simulation was run twice, accounting for natural forcing only or both natural and anthropogenic forcings (from the 1 st of January, 2007 to the 31 st of December, 2011).

This period of analysis has been initially selected based on the availability of fishing effort data to run the model, measurements to validate it, and the representativeness of forcing [START_REF] Mengual | Spatio-temporal variability of sediment fluxes in the Bay of Biscay: relative contributions of climate forcings and trawling activities[END_REF]. A 6month spin-up period was applied (and thus deliberately removed from all analyses) to adjust the initial surficial sediment with actual currents and waves and to set up realistic density gradients over the shelf. Model results consist of hourly outputs resulting from time averaging which accounts for variations at the model time step. Given the huge dataset derived from the simulation, model results were synthesised by integrating water and sediment fluxes over variable water depths: 10 m below the water surface, 10 m above the seabed (hereinafter referred to as 10-mab fluxes) and over the entire water column. Hereinafter, total fluxes refer to results derived from the simulation accounting for all forcings (natural and anthropogenic) and trawling-induced fluxes correspond to the difference between total fluxes and the ones deduced from the simulation with naturally-induced re-suspension only (named "natural" fluxes). A numerical filter [START_REF] Demerliac | Calcul du niveau moyen journalier[END_REF]; extending over ± 36 hours) was applied to remove tidal oscillations and then assess residual dynamics.

Analysis of the variability of trawling-induced sediment fluxes

Trawling-induced sediment dynamics is investigated first in terms of vertical flux (i.e. re-suspension, which is the first sedimentary impact of bottom trawling) and then in terms of horizontal fluxes and sediment budgets, at different time scales.

Re-suspension fluxes

Fishing effort exhibits a strong seasonality over the shelf, especially on the GV, a large muddy sand area which experiences intense trawling. Nevertheless, trawling pressure remains relatively similar from one year to the other. The high season of trawling over this zone is concentrated from April to September, mainly due to the abundance of some species, especially Norway lobster (Nephrops norvegicus) and hake (Merluccius merluccius), and mild conditions occurring at this period (small waves and weak wind). Thus, anthropogenic re-suspension is compared to natural one during two contrasting seasons, winter (from December to February) and summer (from June to August, i.e. high fishing season), and then at the annual scale by considering average model data from the whole simulated period (Figure 3).

In winter, average natural erosion fluxes are higher than 10 -3 kg.m -2 .s -1 when water depth is below 70 m and mainly remain greater than 10 -4 kg.m -2 .s -1 until 100 m depth. Then, they exponentially decrease moving offshore, with fluxes around 10 -5 kg.m -2 .s -1 at a depth of 130 m, and < 10 -6 kg.m -2 .s -1 below 160 m depth (Figure 3d). Fluxes are two orders of magnitude lower over the northern part of the GV, where the seabed mainly consists of muddy sediments: this is directly linked to the much lower E0 for mud than for sandy sediments in Eq. ( 1) [START_REF] Mengual | Modelling Fine Sediment Dynamics: Towards a Common Erosion Law for Fine Sand, Mud and Mixtures[END_REF]. Although fluxes remain significant along the eastern boundary of the GV, natural erosion is strongly reduced in summer with most fluxes below 10 -8 kg.m -2 .s -1 (Figure 3g). Natural erosion fluxes averaged at the annual scale closely resemble winter fluxes (despite one order of magnitude difference over some areas), thus confirming that the action of waves and currents linked to energetic winter conditions mainly controls the annual natural sediment re-suspension.

Trawling-induced erosion fluxes range from 10 -8 to 3×10 -7 kg.m -2 .s -1 , the highest being reached in summer over large areas of the internal GV, i.e. the part of GV where water depth is approximately below 120 m (subplots b, e, and h in Figure 3). Erosion dynamics caused by trawling remain similar from one year to the other, and its contribution to total re-suspension strongly depends on the variability of natural erosion due to waves and currents. The relative contribution of trawling to the total vertical flux is also presented for each period (subplots c, f and i in Figure 3). On average, natural erosion exceeds trawling-induced erosion over most of the GV. However, the annual contribution of trawling is significant over the northern muddy area of the GV, where it reaches up to 20% (Figure 3c). Noteworthy annual contributions (generally from 1 to 3%) can also be noticed over the southern GV (along the 100-m isobath), over zones of the outer shelf and on the WGMF area in front of the Gironde estuary. In winter, the marked dominance of natural erosion is all the more visible, with an average 0.2% contribution of trawling at the GV scale, reaching 7% in the northern muddy area (Figure 3f). Contrary to the rest of the year, in summer, trawling-induced erosion clearly dominates, accounting for 100% over most of the GV, and an average of around 80% of the total vertical flux at the GV scale (Figure 3i). More generally, this dominance of trawling erosion in summer concerns most of the outer shelf. However, its contribution vanishes along the eastern boundary of the GV where wave re-suspension becomes significant due to shallower depths (i.e. when water depth is less than 70 m). On the inner shelf (water depth < 70 m), the trawling contribution to re-suspension is generally masked by the dominant action of waves and currents in autumn/winter and even in spring/summer. 

Seasonal horizontal dynamics

Considering that a significant trawling contribution to re-suspension occurs over mid and outer parts of the shelf during summer (section 3.1), it is now necessary to assess whether this anthropogenic erosion is likely to impact residual sediment fluxes. Given the strong seasonality of fishing effort and the related re-suspension, horizontal sediment fluxes caused by trawling are investigated at the seasonal scale (mud and sand). As mentioned in section 2.5, anthropogenic fluxes were deduced by subtracting the fluxes obtained with natural forcing only to those obtained with both natural and trawling induced re-suspension.

Mud dynamics

Seasonal integrations of anthropogenic mud fluxes are presented for the autumn/winter and spring/summer periods (averaged over all years of the simulated period), together with their corresponding relative contributions to the total flux intensity (Figure 4).

During the autumn/winter period, fluxes caused by trawling exceed 10 -4 kg.m -1 .s -1 and remain higher than 5×10 -5 kg.m -1 .s -1 over most of the shelf (Figure 4b). These fluxes are significant over many areas distributed throughout the entire shelf, and reach 20% to 30% of the total mud flux (i.e. including natural and anthropogenic forcing) on the outer shelf at the latitude of the GV, and over many restricted areas where trawling activities are generally concentrated (e.g. in the north-western region of the domain, between Belle Ile island and the Pertuis Charentais zone (location on Figure 1), or at the mouth of the Gironde estuary; Figure 4c). Some areas of the inner shelf, mainly located between Belle

Ile island and the Pertuis Charentais zone and over the 40-70 m bathymetric range, are more intensively trawled during the autumn/winter period (these winter hotspots are visible on Figure 2a).

The winter contribution of trawling to sediment fluxes over these shallower zones is generally weak due to the predominance of natural forcing in terms of re-suspension and circulation. However, the high concentration of fishing activities over some restricted zones can result in significant trawlinginduced horizontal fluxes representing up to 50% of the total flux. Fluxes caused by trawling are clearly oriented poleward when their relative contributions become significant. Since trawling-induced fluxes mainly follow the poleward circulation, their cross-shore components are not easy to distinguish. Nevertheless, a seaward component can be noticed beyond 100-m depth, for instance at the latitude of the GV.

During this period, trawling activities are responsible for an increase in the average bottom concentration of suspended mud of 1 to 2 mg.l -1 (+20% to 30% above natural-induced mud concentration) over large areas of the shelf, including the GV, and reaching several mg.l -1 in restricted zones close to the coast (Figure 5a). Surprisingly, trawling also reduces this concentration at other locations. A plausible explanation could be an indirect effect of this anthropogenic forcing. Indeed, sediments re-suspended by trawling are advected by currents, and can then settle in areas not directly subject to trawling. Given the strong dependency of natural erosion on the nature of the seabed (e.g.

the surficial sediment mud fraction; see section 2.2), natural re-suspension may be influenced locally.

For instance, deposition of additional mud then mixed within the surficial sediment may reduce natural erosion and consequently reduce further re-suspension in response to a given wave/current forcing. Another explanation could be that enhanced trawling erosion may lead to lower fine sediment content within the seabed and thus lower SSC in response to wave and current forcing. During the spring/summer period, horizontal mud fluxes caused by trawling become dominant over the entire GV and along the shelf break, with an average relative contribution of 80%, reaching 100% at many locations (Figure 4f). Between Penmarc'h and the Gironde estuary, residual mud fluxes over mid-and outer-shelf regions are oriented poleward. Over the GV, contrasted cross-shore components of trawling-induced fluxes can be noticed on opposite sides of the 100-m isobath, with an offshore (resp. onshore) orientation beyond (resp. below) this water depth. Indeed, fluxes caused by trawling are significant along the eastern part of the GV and preferentially oriented towards the coast.

Trawling-induced mud fluxes remain lower than 5×10 -5 kg.m -1 .s -1 on the outer shelf and reach more than 10 -4 kg.m -1 .s -1 over intense trawling areas of the GV (Figure 4e). Interestingly, intensities of trawling-induced horizontal mud fluxes are lower in summer than in winter although re-suspension fluxes are the opposite. These features are due to lower bottom residual circulation in summer. In addition, despite weaker flux intensities, the contribution of trawling beyond a depth of 90 m is high in front of the Gironde estuary and the Landes coast. The dominant trawling contribution to sediment dynamics occurring over the GV in this period is also apparent in seasonal variations of SSC (Figure 5b). Off the 100-m isobath, SSC caused by waves and currents are very close to zero. Over the internal GV, trawling is responsible for 80% to 100% of the bottom mud concentration, which is around 1 mg.l -1 (Figure 5b). In order to provide insights into the high-frequency of anthropogenic sediment dynamics and its seasonal variability, more details on trawling-induced mud fluxes are hereinafter presented at key locations of the shelf (locations on Figures 1 and2).

First, this high frequency description includes the correlation between the fishing effort and the magnitude of trawling-induced mud fluxes at 3 stations experiencing different levels of fishing pressures (weak, moderate and intense), but characterised by similar circulations and seabed features (all stations, P1, P2 and P3, are located along the 100-m isobath with seabed mud content in the range 26-40%). Natural-and trawling-induced fluxes are also compared in terms of intensity at the intensely trawled station (P2) throughout the whole simulated period.

At station P2 (intense trawling), a noteworthy trawling contribution to the mud flux intensity can be underlined even in winter (Figure 6). However, horizontal sediment fluxes resulting from wave and current re-suspension are generally dominant. This means that even at mid-shelf locations where limited natural re-suspension is expected, intense circulations and large erosion due to waves (storms, large swells) control sediment dynamics in winter. This predominant influence of natural forcing is also illustrated by the lack of noticeable correlation between the magnitude of 10-mab trawlinginduced mud fluxes and fishing effort at P1, P2 and P3 in autumn and winter (Figure 7). On the contrary, bottom mud fluxes caused by trawling are largely dominant during the spring/summer period (Figure 6), despite lower flux intensities than in autumn/winter. In addition, fluxes at P1, P2 and P3 along the 100-m isobath appear well correlated to the fishing effort during this low energetic period (Figure 7), which corroborates the fact that trawling-induced re-suspension becomes the main driver of the mid-shelf sediment dynamics (weak circulation and limited natural re-suspension) on spring/summer. In order to highlight more precisely trawling-induced cross-shore dynamics, Progressive Vector (PV) plots of 10 mab mud fluxes, accounting or not for trawling, are illustrated on Figure 8 at stations P2 and P4 (also subject to significant trawling), located on both sides of the 100 m isobath. At both stations, a noticeable effect of trawling on cross-shore fluxes can be noticed in autumn/winter: integrated fluxes exhibit a more pronounced offshore (resp. onshore) component at station P4 (resp.

P2) while trawling is taken into account. This means that trawling influences cross-shore exchanges, with different residual directions according to the location. Figure 8 also illustrates the extreme dominance of autumn/winter fluxes under natural forcing, but simultaneously shows a significant trawling-induced increase of the integrated bottom mud flux during the spring/summer period, especially at station P4 (Figure 8b). 

Sand dynamics

Regarding seasonal sand fluxes, those caused by trawling exhibit residual directions less regular than natural ones. This is especially remarkable during the autumn/winter period: natural sand fluxes are mainly poleward with a significant offshore component while those caused by trawling exhibit random residual directions (Figure 9). Over the inner shelf, the magnitude of anthropogenic fluxes is much smaller than natural ones due to the predominant action of waves and currents on sediment resuspension (below 70 m depth). As previously mentioned, it is important to keep in mind that indirect effects of trawling on seabed changes (resulting from the whole 3D sediment dynamics) may locally influence the natural re-suspension and thus its contribution to sediment fluxes. Over mid and outer parts of the shelf, larger contributions of trawling to sediment fluxes can be underlined. They appear significant in autumn/winter and even dominant during the spring/summer period, for instance over the central band of the GV (between 100 and 120 m depth). However, areas associated with significant relative contributions of trawling mainly concern very weak fluxes (Figure 9) which result in smallscale redistributions of sand (not illustrated here). and 236 ktons.yr -1 and are oriented onshore, while natural fluxes, oriented offshore, are respectively 1580 ktons.yr -1 and 700 ktons.yr -1 . Along the border following the 100-m isobath at the latitude of the GV, both natural and trawling residual fluxes are onshore, and trawling is responsible for a two-fold increase of the natural onshore transport.

Except along the Landes coast, sand fluxes generated by trawling exhibit similar preferential orientations as the mud fluxes (Figure 10b). Trawling contributes to poleward sand fluxes at a rate of a few %, except at the southernmost border where its relative contribution reaches 54%. In front of the Loire estuary, a significant equatorward residual flux (opposed to the natural flux orientation) is observed. On the outer shelf, trawling contributes to the natural offshore export of sand with an increase of 25% along the 130 m isobath, and 65% along the 180 m isobath (mainly between the Pertuis Charentais zone and Arcachon). Such significant trawling contributions over offshore regions have to be taken with caution: natural dynamics of sand being very weak, the trawling weight can appear very high while the corresponding fluxes remain very low. From the Pointe du Raz to the southernmost border along the 100 m isobath (sum of green values in Figure 10b), trawling tends to generate a weak residual sand flux toward the coast (0.59 ktons.yr -1 ), which does not follow the residual natural dynamics, offshore oriented (14.5 ktons.yr -1 ). However, this residual flux oriented onshore caused by trawling only represents 4% of the offshore natural flux. Lastly, the residual sand flux caused by trawling along the 70 m isobath (also from the Pointe du Raz to the southernmost border) is oriented offshore as natural fluxes, but trawling is only responsible for an increase of 1%.

Sediment budgets

In terms of mud budgets, in the four boxes delimited by 5 cross-shore borders and the 180-m isobath (boxes A, B, C and D represented as black contours on Figure 10a), the effect of trawling is an increase of 0.058 Mt/yr in sedimentation in box A (north of the Loire estuary), representing 3% of the total sedimentation (i.e. including both natural and anthropic forcing), and erosion of 0.38, 0.30, and 0.05 Mt/yr in the successive boxes from the Loire estuary moving southward (B, C and D, respectively), representing 46%, 9%, and 8% of the total erosion in the same boxes. Compared to the mass budget under the influence of natural forcing, a noticeable increase in erosion caused by trawling at the scale of box B is highlighted. Indeed, larger trawling-induced erosion over the northern part of box B is responsible for higher longshore mud flux through the cross-border between the continental slope and the Loire estuary than through the one located at the level of the Pertuis Charentais. This results in a negative mass budget (erosion) over box B of the same order of magnitude as the natural one. The contribution of trawling enhances natural trends (mean erosion or deposition) in all boxes. At the shelf scale, it appears that the overall divergence of trawling-induced mud fluxes leads to a general loss of 0.67 Mt.yr -1 , to be compared to the natural off-shelf export of 2.02 Mt.yr -1 related to natural forcing only, and thus representing 25% of the total off-shelf export. Changes in sand stock can be locally significant but only result in small-scale redistributions in most cases. Given that most significant effects of trawling on regional sediment dynamics mainly concern fine sediment, only mud budgets are described here.

Discussion

Our results clearly demonstrate a significant contribution of trawling to sediment erosion, resulting in significant fluxes at the scale of the continental shelf.

Trawling-induced erosion

Literature on trawling-induced resuspension is scarce. Estimates of erosion rates are generally deduced from SSC measurements made in the trawl wake. In a study of sediment dynamics dedicated to the Gulf of Lions, Durrieu de madron et al. ( 2005) integrated the mass of sediment contained in turbid plumes, which resulted from the scraping action of the net (and its different constituents) on the seabed, and found erosion rates ranging from 0.19 kg.m -2 to 0.8 kg.m -2 . Their computations considered the surface scraped by the doors and groundropes and were performed over seabed containing at least 80% of mud. This can explain why they found erosion rates higher than those from the present study (0.13 kg.m -2 deduced from trawl tracks). O'Neill and Summerbell (2011) estimated the mass of sediment remobilised per unit swept area by dissociating contributions of different trawl constituents (groundropes, doors). Recently, Oberle et al. (2015a) proposed a general formulation of trawling-induced erosion rates (in kg.m -2 ) as a function of the seabed composition based on these few estimates from literature [START_REF] Churchill | The effect of commercial trawling on sediment resuspension and transport over the Middle Atlantic Bight continental shelf[END_REF][START_REF] Dellapenna | The impact of shrimp trawling and associated sediment resuspension in mud dominated, shallow estuaries[END_REF][START_REF] Durrieu De Madron | Trawling-induced resuspension and dispersal of muddy sediments and dissolved elements in the Gulf of Lion (NW Mediterranean)[END_REF][START_REF] O'neill | The mobilisation of sediment by demersal otter trawls[END_REF]) so as to compute sediment budgets over continental shelves worldwide.

To our knowledge, the implementation of trawling-induced sediment erosion in numerical models (resolving both hydrodynamics and sediment dynamics) is only limited to the work of [START_REF] Verney | The Proceedings of the Coastal Sediments 2015 conference[END_REF] and to the present study (similar approaches). Modelling studies appear as promising tools to distinguish the trawling contribution to various aspects of sediment dynamics (e.g. local erosion, fluxes, budgets, seabed changes). As stated in section 2.3, we recommend to prescribe trawlinginduced erosion by multiplying local erosion rates (in kg.m -2 ) by the fishing effort (which brings the temporal dimension). This leads straightforwardly to an erosion flux, in eroded mass per unit area and unit time, which can be easily compared to the one caused by waves and currents.

In our methodology, uncertainties on erosion fluxes caused by trawling have to be recalled. First, the erosion rate was estimated from trawl door tracks left on muddy sand beds in the GV area, where mud content ranged between 15% and 25%. These measurements were representative of the re-suspension generated by typical trawlers operating on typical muddy sands of the Bay of Biscay shelf. However, the seabed mud fraction is higher in some areas of the shelf, especially in the northern part of the GV.

As widely mentioned in literature, trawl components such as doors penetrate deeper into the seabed when the mud content increases [START_REF] Linnane | A review of potential techniques to reduce the environmental impact of demersal trawls[END_REF]. It can thus be inferred that the proposed erosion rate caused by trawling increases with increasing mud content in the seabed. Trawling erosion thus may be under-estimated in muddy areas. Further experiments in these zones would enable to define a variable erosion rate as a function of the nature of the seabed in the specific case of the Bay of Biscay, similar to the setting used by Oberle et al. (2015a) in their global analysis of trawling-induced re-suspension.

Regarding the relative contribution of trawling to total re-suspension, model results derived for the Bay of Biscay are qualitatively similar to published results dedicated to other study sites (e.g. [START_REF] Churchill | The effect of commercial trawling on sediment resuspension and transport over the Middle Atlantic Bight continental shelf[END_REF] in the Mid Atlantic Bight; [START_REF] Ferré | Impact of natural (waves and currents) and anthropogenic (trawl) resuspension on the export of particulate matter to the open ocean: Application to the Gulf of Lion (NW Mediterranean)[END_REF] in the Gulf of Lions). This relative contribution appears very sensitive to estimates of erosion fluxes caused by natural forcing (i.e. waves and currents). In the present study, we showed that natural re-suspension occurring in winter appears to dominate over many areas of the GV (large muddy area experiencing intense fishing activities), with relative trawling contributions less than 1%. However, some significant contributions of up to 10% occur over the northern part of the GV, which is characterised by a muddy seabed. Model results revealed that in summer, trawling is the main source of re-suspension over most of the GV area.

Finally, we provide evidence for an annual trawling contribution to re-suspension of up to 20% over the muddy area of the northern GV.

These conclusions partly differ from those proposed in our previous study [START_REF] Mengual | Influence of bottom trawling on sediment resuspension in the "Grande-Vasière" area (Bay of Biscay, France)[END_REF]) in which we found weaker trawling contributions. Two reasons explain such differences: (i) the bed shear stress generating erosion was computed with a friction factor not fit to fine sediments and (ii) natural erosion fluxes were computed with a unique erosion factor E0, without any site-specific validation. As the trawling-induced erosion flux was computed the same, these two approximations lead to an underestimation of the trawling contribution in [START_REF] Mengual | Influence of bottom trawling on sediment resuspension in the "Grande-Vasière" area (Bay of Biscay, France)[END_REF].

Trawling-induced horizontal sediment fluxes

The assessment of anthropogenic horizontal sediment fluxes on the French shelf at different time scales has highlighted the significant influence of trawling on both long-shore and cross-shore dynamics. In the literature, trawling is reported to significantly contribute to the off-shelf export of sediment. [START_REF] Ferré | Impact of natural (waves and currents) and anthropogenic (trawl) resuspension on the export of particulate matter to the open ocean: Application to the Gulf of Lion (NW Mediterranean)[END_REF] Given the significant contribution of trawling to vertical and horizontal sediment fluxes, its influence on seabed changes was finally investigated so as to highlight potential signatures in surficial sediment.

The mud content was integrated over the upper 5 mm of the surficial sediment and was considered as a proxy for the surficial seabed nature. Figure 11 illustrates the effect of trawling after 4.5 years.

The patterns of surficial sediment look the same when trawling is taken into account (Figure 11c), but differences with the case without trawling (Figure 11b) show that trawling is responsible for a significant reduction in mud content over the internal part of the GV area and over some areas located in front of the Gironde estuary (Figure 11d). This loss of fine fraction is consistent with intense trawling activities over these zones (Figure 2a). The areas exhibiting the most significant changes (decrease ranging from 10% to more than 50%) are located along the 110 m isobath in the northwestern and southern ends of the GV area. Many studies in the literature have shown that resuspension caused by trawling is responsible for a loss of fine fraction in surficial seabed (e.g. [START_REF] Brown | Effects of commercial otter trawling on the physical environment of the southeastern Bering Sea[END_REF][START_REF] Palanques | Effects of bottom trawling on the Ebro continental shelf sedimentary system (NW Mediterranean)[END_REF][START_REF] Oberle | Deciphering the lithological consequences of bottom trawling to sedimentary habitats on the shelf[END_REF]. This fine fraction winnowing induces an upward-coarsening within surficial sediment. In the specific case of the GV, significant decreases in mud content have been reported during recent decades over areas subject to intense trawling. For instance, [START_REF] Mengual | Influence of bottom trawling on sediment resuspension in the "Grande-Vasière" area (Bay of Biscay, France)[END_REF] reported a decrease of 30% in mud content between 1967 and 2014 over an intensively trawled zone of the GV (zone B in Figure 11d), which was not observed over a moderately trawled one during the same period (zone A in Figure 11d). Model results of the present study confirm that zone B experiences a significant mud content decrease caused by trawling over the simulated period (from 70% to 48%) while no trawling-induced trend is derived on zone A (stable around 14% mud content).

Trawling is also responsible for an increase in mud content over areas located on the two sides of this intensively trawled band, i.e. at deeper depths and along the eastern boundary of the GV, especially in certain locations such as south of Belle-île. Such preferential zones of mud deposition are consistent with the significant contribution of trawling to onshore residual mud fluxes along the 100-m isobath and the noticeable offshore component of seasonal trawling-induced mud fluxes on the outer part of the GV, as mentioned in section 3.2.1. Note that trawling appears to significantly influence changes in the seabed in front of the Gironde estuary, with contrasting changes (decrease or increase in mud content) occurring over restricted and concentrated areas, which approximately correspond to the muddy patterns reported in the literature [START_REF] Lesueur | Sedimentation rates and fluxes in the continental shelf mud fields in the Bay of Biscay (France)[END_REF].

It should be noted that the sediment cover derived at the end of the simulation accounting for trawling forcing presents less differences from the initial condition over some locations, for instance over the muddy area of the northern GV. Since model initialisation was supposed to account for actual trawling processes, this would suggest that trawling effects contribute to the present day relative equilibrium of the bed. However, the mud content increase along the eastern GV (already observed in natural dynamics) results in a significant difference from the initial condition of the seabed, which is assumed to account for trawling effects. As the present distribution of sediment facies synthesises information from different sets of measurements made since the sixties, this local disparity between observations and simulations needs to be investigated in the future. In addition, longer simulations would make it possible to assess whether the decreases or increases in mud content caused by trawling correspond or not to transitional states of the seabed variations over time, and if they preferentially extend towards the coast or seaward. 

Potential implications for benthic communities

Regarding benthic ecosystems and habitats, the GV area experiences disturbances and changes originating from multiple factors acting at different spatio-temporal scales (e.g. physical, biotic, abiotic, anthropic conditions). While trawling-induced effects due to near-bed turbidity increase are discussed in literature [START_REF] Pilskaln | Resuspension of sediment by bottom trawling in the Gulf of Maine and potential geochemical consequences[END_REF][START_REF] Kaiser | Modification of marine habitats by trawling activities: prognosis and solutions[END_REF], consequences linked to seabed changes remain poorly known [START_REF] Campbell | Investigating the link between Nephrops norvegicus burrow density and sediment composition in Scottish waters[END_REF].

In the GV case, Le Loc'h ( 2004) highlighted changes in benthic communities over a 35-year period starting from the sixties, and suggested that ecosystems perpetually evolved and tended towards a new equilibrium state. This author already underlined seabed changes over some areas of the GV, corresponding to a diminution in surficial mud content, and observed significant spatial differences in benthic epifauna which could be related to trawling activities. Recently, on the basis of a three-year halieutic survey over intensively trawled areas of the GV, [START_REF] Robert | Structure of the megabenthic communities of the "Grande Vasière" of the northern Bay of Biscay: a system adapted to chronic disruptions by bottom trawling? Abstract to SFECOLOGIE[END_REF] highlighted that fishing appeared to be a poor predictor of the megabenthic communities structure (contrary to many other results from literature). They suggested that decades of intense trawling have irremediably removed the vulnerable organisms and that megabenthic communities have been adapted to chronic disruptions induced by trawling (i.e. new equilibrium state accounting for chronic perturbations).

Thanks to the combination of observations and numerical modelling, the present study confirms that the acute re-suspension caused by trawling results in significant reductions of seabed mud fraction over some intense fishing zones (advection of sediments re-suspended locally). [START_REF] Campbell | Investigating the link between Nephrops norvegicus burrow density and sediment composition in Scottish waters[END_REF] investigated the link between Nephrops norvegicus burrow density and sediment composition in Scottish waters (very intensively fished, like in the Bay of Biscay). They found positive correlations between burrow density and the percentage of silt and clay over some fishing areas. Therefore, we can hypothesize that these changes in sediment substratum will certainly have an influence on certain benthic species and habitats in the future and should require specific attention to sustainably manage our exploitation of marine resources.

Conclusions

This study enabled the assessment of the spatio-temporal variability of trawling-induced sediment fluxes and the weight of the latter in the whole sediment dynamics at the scale of the Bay of Biscay shelf, an area subject to intense fishing activities. A 3D hydro-sedimentary model is used to perform a realistic simulation under the influence of both natural and trawling forcings over a 5-year period.

Anthropogenic effects linked to trawling activities are assessed in terms of re-suspension and contribution to sediment fluxes. Regarding erosion dynamics, model results provide evidence for a significant contribution of trawling to re-suspension over muddy (or muddy/sand) areas subject to intense trawling such as the northern Grande-Vasière (up to 20%). However, on winter and in average, wave-and current-induced erosion appears clearly dominant on the inner shelf and over a large fraction of mid-shelf (trawling contribution < 1%). The erosion caused by trawling becomes dominant in summer, i.e. during the high fishing season and low ocean energy, when its contribution reaches 100% over most of the Grande-Vasière and over many zones of the mid and outer parts of the shelf (80% on average).

The contribution of trawling to sediment fluxes is highlighted at the scale of the shelf. Results show that trawling contributes around 30% of the total mud flux intensity on the outer shelf and on limited zones of the inner shelf during the autumn/winter period, and is responsible for most of the horizontal sediment dynamics over the Grande-Vasière and the outer shelf in spring and summer. However, the intensity of trawling-induced sediment fluxes is higher in autumn/winter than in summer, due to more pronounced circulations occurring at this period. At the annual scale, trawling enhances poleward natural mud and sand fluxes at a rate ranging from a few per cent to 40% (its contribution increasing northward) and significantly contributes to the natural offshore export of sediment on the outer shelf:

+ 25% for sand and +35% for mud along the 130 m isobath, or +15% along the 180 m isobath for mud. This contribution to the offshore sediment transport is qualitatively in agreement with conclusions of previous studies in the literature conducted on other continental shelves. In contrast, our results highlight the trawling-induced transport of sediment (mainly mud) towards the coast on the inner shelf, in the opposite direction from the natural one mainly oriented offshore. At the shelf scale, it appears that, overall, trawling is responsible for a general muddy sediment export of 0.67 Mt.yr -1 , representing 25% of the total off-shelf export.

The variations of surficial sediment composition throughout the 5 years simulated period highlight seabed changes caused by trawling. Results show a significant decrease in mud fraction (ranging from 10% to more than 50%) over trawled areas of the shelf (e.g. internal part of the Grande-Vasière area).

The fine fraction reduction predicted by this modelling study is qualitatively in agreement with recent observations showing a significant mud content decrease in recent decades over some intensively trawled areas of the Grande-Vasière. On the contrary, trawling is responsible for a mud fraction increase along the eastern border of the Grande-Vasière (toward the coast) and over some zones located either on the outer shelf or in front of the Gironde estuary.

This study suggests that trawling represents an important forcing which needs to be taken into account when assessing sediment dynamics over continental shelves subject to fishing pressures. Promising results from this work underline the interest of performing longer simulations (e.g. over several decades) to investigate and predict long-term effects of trawling on sediment dynamics and benthic habitat conditions.

  through a "climatology" deduced from the whole VMS dataset covering the 2005-2013 period. Temporal changes in fishing effort are presented at different locations of interest where trawling-induced fluxes will be discussed hereinafter.

Figure 2

 2 Figure 2 Map of fishing effort data (horizontal resolution 5 km) expressed as the average number of times of trawling in one year (a) with the corresponding temporal changes, in number of times of trawling per month, at

Figure 3

 3 Figure 3 Time-averaged re-suspension fluxes computed for natural and trawling forcing at the scale of the shelf (top and middle rows, respectively), and the relative contribution of trawling to the total re-suspension flux (bottom row). Fluxes are averaged at seasonal (winter and summer) and annual scales. From north to south, thick contours delimit the "Grande-Vasière" area and the west and south Gironde mud fields. This figure is similar to figure 14 in Mengual et al. (2016) but computations differ as a new erosion law and a new skin friction

Figure 4

 4 Figure 4 Mean horizontal mud fluxes (depth-integrated) caused by natural forcing and trawling, seasonally averaged over the 4.5 simulated years (Fmud natural and Fmud trawling in autumn/winter and spring/summer on (a)/(b) and (d)/(e), respectively). Seasonal contribution of trawling to total flux intensity (including both natural and anthropogenic forcing) in autumn/winter and spring/summer are shown on (c) and (f), respectively. Thin lines are isobaths 40 m, 70 m, 100 m, 130 m and 180 m. Circle and triangle symbols refer to stations P2 and P4, respectively.

Figure 5

 5 Figure 5 Impact of trawling on the bottom mud concentration (difference in concentration between the simulation with all forcing and the simulation with natural forcing only), in autumn/winter (a) and spring/summer (b). Thin black lines correspond to isobaths 40 m, 70 m, 100 m, 130 m and 180 m, and the thick black contour delimits the GV area.
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 6 Figure 6 (a) Comparison of bottom mud flux intensities (10 mab integration) caused by natural forcing (in blue) and trawling (in red) at the intensively trawled station P2; (b) trawling contribution (in %) to total flux intensity (1-hour model outputs in grey, 30-day filter curve in black).

Figure 7

 7 Figure 7 Autumn/winter (red symbols) and spring/summer (blue symbols) correlations between the fishing effort (number of times of trawling per month) and the mud flux intensity caused by trawling integrated over 10 m above bottom (in kg.m -1 .s -1 ) along the 100 m isobath at stations P1 (moderate trawling), P2 (intense) and P3 (weak).

Figure 8

 8 Figure 8 Progressive vector plots of 10 mab mud fluxes (in kg.m -1 ) accounting for natural forcing only (in blue)or both natural and trawling forcing (in green) at stations P2 (a) and P4 (b) (locations on Figure1). Thin parts of curves refer to autumn/winter seasons and thick parts depict the spring/summer period. 4 5 6 and 4 7 6 refer to time

Figure 9

 9 Figure 9 Mean horizontal sand fluxes (depth-integrated) caused by natural forcing and trawling, seasonally averaged over the 4.5 simulated years (Fsand natural and Fsand trawling in autumn/winter and spring/summer on (a)/(b) and (d)/(e), respectively). Seasonal contribution of trawling to total flux intensity (including both natural and trawling forcing) in autumn/winter and spring/summer are shown on (c) and (f), respectively. Thin lines are isobaths 40 m, 70 m, 100 m, 130 m and 180 m.

Figure 10

 10 Figure 10 Annual depth-integrated fluxes caused by trawling, expressed as cumulated amounts of mud (Fmud int trawling, a) and sand (Fsand int trawling, b) (in kg.year -1 ) passing through borders oriented cross-shore (red crosssections) or alongshore (4 segments delimited by cross-shore borders along the 70 m (in light blue), 100 m (in green), 130 m (in orange), and 180 m (in blue) isobaths). The corresponding residual "flux" intensities and their ratio to natural ones (in %, < 0 when in opposite direction) are written on each graph using the same colour code. All arrows have same length; their directions (resp. thicknesses) inform qualitatively on net flux orientations (resp. intensities). A, B, C and D refer to four boxes delimited by red and blue borders, for which flux divergences are commented.

  estimated (from numerical simulations) that sediment transport caused by trawling represents between a few per cent and 20% of the annual shelf-to-slope export of suspended sediment in the Gulf of Lions. On the north-western Iberian shelf,Oberle et al. (2015a) estimated that 65% of sediments re-suspended by bottom trawling were exported off-shelf, representing a six fold increase compared to the natural off-shelf sediment transport. The results of this study qualitatively agree with those findings. On the outer shelf, our results provide evidence for an increase in offshore mud (respectively sand) fluxes of 35% (resp. 25%) along the 130 m isobath, and an increase of 15% along the 180 m isobath. It should be noted that the largest trawling contribution to offshore mud export obtained along the 130 m isobath occurs at the latitude of the GV.[START_REF] Pinot | Le precontinent Breton: entre Penmarc'h, Belle-Ile et l'escarpement continental, étude géomorphologique[END_REF] suggested a possible transport of re-suspended particles by trawling towards the coast on the inner shelf. The results of the present study confirm this hypothesis with sediment transport caused by trawling mainly onshore along the 100 m and 70 m isobaths. For instance, trawling is responsible for a two-fold increase in the natural onshore mud flux along the 100-m isobath of the GV. 4.3 Changes in the seabed of the Bay of Biscay caused by trawling

Figure 11

 11 Figure 11 Surficial mud content (integrated over the top 5 mm of the seabed) (a) at the beginning of the simulation period (July, 2007 after spin-up period), and (b) after 5 years simulated with natural forcing only, or (c) with both natural and trawling forcing. (d) represents changes in the surficial mud fraction caused by trawling (difference between (c) and (b)). On each graph, thin lines correspond to isobaths 40 m, 70 m, 100 m, 130 m, 180 m. Thick lines delimit the "Grande-Vasière" area (GV) and the west and south Gironde mud fields (WGMF and SGMF, respectively). Zones A and B (in d) are the two zones where experiments on the physical impacts caused by trawling were conducted by Mengual et al. (2016).
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